We present a first experimental characterization of our ultra-compact, ultra-stable laser. The heart of the apparatus is an original Fabry-Perot cavity with a 25 mm length and a pyramidal geometry, equipped with highly-reflective crystalline coatings. The cavity, along with its vacuum chamber and optical setup, fits inside a 30 L volume. We have measured the cavity thermal and vibration sensitivities, and present a first estimation of the cavity fractional frequency instability at σ y (1s) = 7.5×10 −15 .
INTRODUCTION
High finesse Fabry-Perot cavities are widely used as frequency references to stabilize lasers sources. The improvement of these cavity-stabilized lasers are of prime importance for optical frequency standards [1] . Consequently, many laboratories are developing techniques to reduce the thermal noise of cavities, which now reaches the 10 −17 decade, at the cost of very complex systems such as cryocoolers [2, 3] and active control of many technical parameters such as residual amplitude modulation, frequency fluctuations induced by the Doppler effect, or intensity fluctuations [4] .
In addition, these highly stable lasers are also used to synchronize optical frequency combs for ultra-low phase noise microwave signal generation [5, 6, 11] , with ultra-low frequency comb residual noise [11, 12] . Precision spectroscopy is also a field of interest. Such applications do not need state-of-the-art stabilized lasers, but compactness and simplicity are important criteria [7] . For this purpose, we are developing a laser based on a 25 mm long cavity with a very compact vacuum chamber and an optical set-up reduced to the quintessential components.
In this article, we present our ultra-compact stabilized laser design, and present our first measurement of thermal and vibration sensitivities, as well as a preliminary estimation of the stabilized laser phase noise and fractional frequency stability.
DESCRIPTION OF THE ULTRA-COMPACT STABI-LIZED LASER SETUP

A. Cavity design
Several geometries have already been used to develop ultra stable Fabry-Perot cavities: horizontal and vertical cylinders, spherical and cubic spacers. Here we have developed a double tetrahedral geometry which is a good compromise between length, volume and thermal noise floor while keeping the overall cavity symmetry in order to reach very low residual vibration sensitivity. Our cavity is 25 mm long, corresponding to a free spectral range of 6 GHz, with a total spacer height of 36 mm. The cavity fits in an overall volume of 35 mm x 36 mm x 41 mm ( Fig. 1 ). More details on the cavity design and the Finite Element simulations can be found in [9] .
The tetrahedral spacer is machined in ultra-low expansion glass (ULE), while the cavity mirrors substrates are made of fused silicate. In order to reduce the coefficient of thermal expansion (CTE) zero-crossing shift due to the different CTE of ULE and fused silicate, ULE rings with dimensions of 12.7 mm outer diameter, 5 mm inner diameter and 1 mm thickness have been contacted to back of the cavity mirrors in order to obtain a CTE zero crossing near 11 • C [10] .
The highly reflective coatings are made of crystalline GaAs/Al 0.92 Ga 0.08 As [8] . These coatings exhibit lower mechanical losses than traditional dielectric coatings, thus reducing the cavity thermal noise floor. In our case, the use of crystalline coatings leads to a theoretical thermal noise floor around 1×10 −15 , which is remarkable for such a short cavity. The cavity finesse at 1542 nm has been determined using the ringdown method. The 1/e decay time of the exponential fit is 6.56 µs, yielding an optical finesse of 247 000 for a mirror radius of curvature of 240 mm. This is to our knowledge the highest published finesse for an ultra-stable Fabry-Perot cavity based on crystalline coatings.
B. Vacuum chamber
In order to reduce the setup footprint, a custom cubic vacuum chamber was designed and assembled. It allows for direct mounting of free-space optical elements to its walls, where breadboards have been included (see Fig. 2 ). Thermal fluctuations are mitigated using a passive stainless steel shield made with the cavity holder and surrounded by an additional active copper shield (see [9] for details). Thanks to its high density, stainless steel indeed offers a high thermal capacitance for a given volume. The active temperature control is made using a Peltier element placed under the copper shield; the resulting temperature stability of the copper shield is below 2 × 10 −4 K between 1 s and 4 × 10 4 s. The cavity response to a temperature step was fitted with a 1/e response time of 20 000 s. The estimated attenuation of temperature fluctuations by the passive shield is around 100 dB at 1 Hz.
C. Optical setup
The optical setup has been boiled down to its quintessential elements. Only the mode-matching optics are free-space and based on 1/2" optical elements (see Fig. 3 ). The rest of the optical set-up is based on pigtailed components with polarization maintaining fiber for compactness. The laser source is a compact, fibered extended cavity diode laser 1 at 1542 nm. Its is packaged in a pigtailed butterfly case that we integrated in a homemade electronic control rack, including a low-noise current source with an integrated current noise of 658 nA between 10 Hz and 100 kHz and a digital temperature controller. A 90/10 optical coupler is used to extract the ultra-stable signal. A fibered electro-optical modulator (EOM) connected just before the output collimator provides phase modulation for the Pound-Drever-Hall stabilization method. 1 
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A. Vibration sensitivities
Our simulations have predicted very low acceleration sensitivities for the double-tetrahedral geometry of our spacer. We have developed a dedicated setup for a well-controlled measurement of accelerations. The ultra-stable laser, including the vacuum chamber and the optical setup described in the previous section, is mounted on a thin aluminum breadboard supported by sorbothane posts. This apparatus is placed on an active vibration isolation platform, which can be modulated at frequencies between 0,1 Hz and 200 Hz in all directions. The platform is in turn placed on an optical table which provides passive isolation from ground vibrations.
The acceleration sensitivity coefficients k x,y,z relate the cavity fractional frequency noise S y to the acceleration noise S a so that
where y is along the cavity optical axis, z is along the vertical direction, and x is along the remaining transverse direction. We estimate k x,y,z by applying a sinusoidal modulation to the active isolation platform allong direction i and measuring simultaneously the acceleration noise spectrum S a i and the ultra-stable laser phase noise S φ . From measurements performed using accelerations of 10 −4 m.s −2 at 2 Hz and 6 Hz, we deduce the acceleration sensitivities listed in table 1. These sensitivities are much higher than our predictions. In particular, the sensitivity along the vertical axis is surprisingly high. In a quiet environment with a white acceleration noise of -95 dB(ms −2 ) 2 /Hz, the vibration-noise contribution to the cavity fractional frequency instability would reach 1.4×10 −15 , close to the thermal noise limit. In a noisier environment, the vibrations would become a dominant contribution to the cavity frequency noise. Further investigation is needed to determine the origin of this high sensitivity. In particular, the absence of optical isolator in the free-space optical path implies that etalons might appear and cause an extra-sensitivity to acoustic noise. In a next study, we will try and eliminate these etalons by inserting an optical isolator in the free-space optical setup.
B. Thermal expansion coefficient of the cavity
As mentioned in section A, the cavity was designed to exhibit a CTE turnover point at 11 • C. However, we found no inversion temperature when scanning the cavity setpoint between 8 • C and 16 • C. The cavity shows a linear sensitivity instead, with a relative thermal sensitivity of about 5×10 −8 /K at 10 • C. This sensitivity might stem from the influence of the stainless steel holder and the underestimated stiffness of the Viton balls. When designing our cavity, the influence of the holder was indeed not taken into account when calculating the CTE zero-crossing.
This thermal sensitivity yields short-term fluctuations not far below the thermal noise limit of the cavity, which we estimated at about 1×10 −15 . Indeed, having measured the cavity response to a temperature step as well as the temperature temporal fluctuations at the copper shield, the resulting influence of thermal fluctuations to the fractional frequency instability is of 8.8×10 −16 τ from 1 to 1000 s. A future upgrade of the setup will include an INVAR holder, which should allow us to recover a zero-CTE operating point and reach the cavity thermal noise.
C. Laser phase noise and fractional frequency instability
The stabilized laser phase noise and fractional frequency stability are measured by comparison with a telecom laser stabilized to a spherical cavity. This laser has been characterized independently by comparison with a cryogenic sapphire oscillator in the
Direction
Measured at 2 Hz Measured at 6 Hz microwave domain, using optical frequency division techniques [6] . Its frequency stability is better than that of the compact cavity under test. We measure a phase noise of 3 dBrad 2 /Hz at 1 Hz with a slope in f −2 (see Fig. 4 ). We can see the influence of the active vibration isolation platform between ∼ 4 Hz and ∼ 60 Hz; at 1 Hz, the phase noise is not impacted by the residual vibrations of the optical table. Assuming perfect frequency division to 10 GHz, the resulting phase noise would amount to -84 dBrad 2 .Hz −1 .
The phase noise measured at 1 Hz is 13 dB higher than the thermal noise of the cavity. Moreover, the f −2 slope between 3 Hz and 3 kHz denotes white frequency noise. We think that this noise might stem from our electronic frequency control loop, and are currently investigating the problem; lower electronic noise combined to higher servo gain should allow us to reach the cavity thermal noise in our current operating conditions.
The measured fractional frequency stability scales as 7.5 × 10 −15 τ 1/2 at short times, followed by a 2×10 −15 τ behavior for τ > 10 s (Fig. 5 ). This behavior is compatible with thermal fluctuations, and might stem from the high thermal sensitivity of our cavity, especially for the long-time drift. This will be fixed by the use of an INVAR cavity holder with lower temperature sensitivity. The fractional frequency instability measured at 1 s is consistent with the fractional frequency stability computed from the phase noise measured at 1 Hz (5 × 10 −15 ).
These performances are at the state-of-the art for such a short cavity; moreover, our simple design results in a setup with a reduced footprint and an overall volume of 30 L, interesting for field applications. Fig. 4 . Phase noise of the laser locked to the compact cavity with (blue) and without (red) active vibration isolation, at 194 THz. We display the free-running laser noise (grey curve) and the cavity thermal noise limit (dashed line) for reference.
CONCLUSION
In conclusion, we have developed and characterized a 25 mmlong pyramidal Fabry-Perot cavity with a ULE spacer, fused silica mirror substrates and crystalline mirror coatings. Thermal shields and regulation reject the influence of external temperature fluctuations just below 10 −15 . The acceleration sensitivity of the laser reaches 2×10 −10 m.s −2 along the vertical axis. Even though this is compatible with the low 10 −15 range when operating in a quiet laboratory environment, this sensitivity must be reduced in order to reach the cavity thermal noise limit in a noisier environment. The cavity is equipped with highly-reflective crystalline coatings and exhibits the highest reported finesse (247 000) to this date using such coatings in an ultra-stable laser setup. Our ultrastable laser fits in a volume of 30 liters (excluding electronics) and reaches a fractional frequency instability of 7.5×10 −15 at 1 s. Future upgrades will include a re-designed INVAR holder, for better rejection of both temperature and acceleration fluctuations, in order to reach the thermal noise floor around 1×10 −15 .
ACKNOWLEDGMENTS
This work was supported by the LABEX Cluster of Excellence FIRST-TF (ANR-10-LABX-48-01) and by the EQUIPEX OSCILLATOR-IMP (ANR 11-EQPX-0033), within the Program "Investissements d'Avenir" operated by the French National Research Agency (ANR), by the Council of the Région de Franche-Comté, and by the Centre National d'Études Spatiales (CNES).
